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Abstract: This study compared the performance of two different gas-permeable 
membranes, PVDF and PP membrane, in a membrane-aerated biofilm reactor (MABR). 
The surface characteristics and membrane pore blocking of these two membrane 
materials were studied utilizing AFM, SEM and CLSM. The PVDF membrane surface 
was more rough and hydrophilic, and possessed a better microbial affinity compared to 
PP. Furthermore, the MABR equipped with a PVDF membrane removed more COD 
(97.06 0.97%) and TN (85.66 0.87%) compared to the MABR with PP membrane 
(87.13 0.87% and 71.13 0.71%, respectively). As well, the PP membrane exhibited 
severe membrane pore blocking and had a lower oxygen transfer rate than the PVDF 
membrane. It is concluded that the PVDF membrane has potential as an aeration 
membrane material for MABRs. 
Keywords: Membrane-aerated Biofilm Reactor (MABR); Membrane Material; 
Membrane Surface Morphology; Oxygen Transfer Rate; Membrane Pore Blocking; 
Confocal Laser Scanning Microscope (CLSM) 
1. Introduction 
Nitrogen pollution in aquatic environment wastewater has become a very serious 
and widespread problem globally. In wastewater treatment plants, biological nitrogen 
removal processes are commonly used because they are economical and efficient [1]. 
Conventional biological nitrogen removal processes are usually conducted using at least 
two separate phases for aerobic nitrification and anoxic denitrification. This is a 
















consumption [2, 3]. To overcome these problems, various systems have been developed 
to achieve simultaneous nitrification and denitrification (SND) in a single reactor, such 
as oxidation ditch, in a sequencing batch reactor. For example, Liu et al. [4] applied a 
Carrousel oxidation ditch to treat real domestic wastewater. The system achieved total 
nitrogen (TN) removal efficiency of 60–70% through SND, and NH3–N and TN 
concentrations in effluent were less than 5 and 15 mg/L, respectively. In one study, 
Kulkarni [5] used a single sludge biomass system containing T. pantropha to remove 
nitrophenols by SND in SBRs. The removal rates were 97–99% for COD, 98% for 
4-nitrophenol and 83–84% for 2,4-nitrophenol and 2,4,6-nitrophenol.  
Furthermore, as a promising alternative option to conventional biofilm reactors, 
membrane-aerated biofilm reactors (MABRs) have been used for the treatment of 
various wastewaters through SND (e.g., ammonia wastewater [6], pharmaceutical 
wastewater [7], and landfill leachate [8, 9]). In MABR systems, the membrane not only 
serves as a biofilm carrier but also as an oxygen supply material. Close to the 
biofilm-membrane interface is the aerobic zone but this is low in organic substrate, 
while close to the biofilm-liquid interface is the anoxic zone which is high in organic 
substrate. It is well known that the nitrifying bacteria, including ammonia-oxidizing 
bacteria (AOB) and nitrite-oxidizing bacteria (NOB) are dominant in the rich aerobic 
zone, while denitrifying bacteria are dominant in the anoxic region [10]. Thus, SND can 
be achieved in a single MABR which provides a new symbiotic environment for aerobic 
















non-bubble aeration and the multilayer structures of biofilm, MABRs have a better 
oxygen utilization and biodegradable ability than other conventional diffusion biofilm 
processes (e.g., biofilter, rotating biological contactor, biological contact oxidation) 
[12,13,14]. However, since the membrane is the carrier of the biofilm, and while the 
biofilm is growing the bacterial cells may gradually penetrate the membrane pores. This 
results in declining oxygen transfer and a change in the structure of the biofilm [15, 16]. 
Therefore, selecting an appropriate membrane is perhaps the most important approach 
when considering the MABR’s performance [17]. 
Different materials and manufacturing technologies produce different membrane 
fibers in the surface morphology, pore characteristics and porosity [18]. The aeration 
membranes of MABRs should not only function well in terms of high oxygen transfer 
but also exhibit excellent pore blocking resistance and microbial affinity. According to 
the surface properties and structure of membrane materials, suitable membranes for 
MABRs include hydrophobic microporous membrane, dense membrane and composite 
membrane [19]. A dense membrane has a higher mass transfer resistance and may lead 
to less gas flux [20], while the production costs for making composite membranes are 
high and furthermore the manufacturing process is complicated [21]. Compared to the 
dense membrane and composite membrane, the hydrophobic microporous membrane 
has a higher gas flux and the price is moderate [22], which could be the first choice of 
researchers. Amongst the hydrophobic microporous membranes, polyvinylidene 
















membranes in MABRs [23].  
Wei, Xin et al. [24] designed a FT-MABR with a PP hollow fiber membrane as the 
aeration membrane to overcome the feed stream short-circuiting and achieve facilitated 
mass transfer. The TN removal efficiency reached 83.5% at the feed flow velocity of 
0.05 m/s when the COD/N ratio was 7. Sun et al. [25] employed a PP membrane in a 
sequencing batch MABR and achieved nitrogen and phosphorus removal efficiently and 
simultaneously. The removal efficiencies of COD, NH3–N, TN and TP were maintained 
above 90%, 96%, 91% and 85%, respectively. In other studies, researchers improved 
the performance of MABRs by modifying the surface of PVDF membrane fibers, for 
example by coating them with polyether-block-polyamide copolymer (PEBA) or 
L-3,4-dihydroxyphenylalanine (DOPA) [17,26]. However, detailed studies concerning 
the effects of their hydrophilic/hydrophobic properties, surface morphologies and 
biocompatibilities on the performance of MABRs are rare in the literature.  
The purpose of this work is to investigate the effects of hydrophobic microporous 
PVDF and PP hollow fiber membranes on the performance of MABRs. With the help of 
atomic force microscopy (AFM) and scanning electron microscope (SEM), the 
performance of MABRs was investigated in terms of: (i) nitrogen and carbon removal; 
(ii) biomass property on membrane surface; and (iii) membrane pore blocking 
propensity. Furthermore, given the fact that there is no relatively perfect method to 
measure the membrane pore blocking in situ, this is the first time a confocal laser 
















membrane polluted by extracellular polymeric substances (EPS) and microorganisms 
during different operational phases. A preferable aeration membrane was selected for 
MABRs by comparing the performance of two materials in the MABR system. These 
are explained in more detail in the next section below. 
2. Materials and methods 
2.1 The MABR system 
Two parallel MABRs set up with a working volume of 2.0 L and made of 
plexiglass are presented schematically in Fig. 1. Wastewater was supplied continuously 
using a peristaltic pump and the effluent was discharged through an overflow. As well, 
the reactor was designed with an inlet and an outlet to circulate water, and the 
circulation flow rate was controlled by a diaphragm pump. Air was supplied into the 
membrane lumen via a manifold using an air pump, the exhaust gas was emitted into the 
atmosphere through the other manifold. The experimental temperature was maintained 
at 25 0.5 . 
 
Fig. 1 
The PVDF and PP hollow fiber membranes used in this study had pore sizes of 
0.16 μm and 0.10 μm and thicknesses of 0.15 mm and 0.08 mm, respectively. PVDF 
and PP membrane modules with the same fiber numbers and available length were 
















Moreover, the average contact angle values of PVDF and PP membrane fibers used in 
this study were 84.56° and 140.72°, respectively. Table 1 summarizes the characteristics 
of the membranes used in this analysis. In order to retain the same surface organic 
loading rates (11.58g COD/(m2·d) and 2.32g NH3-N/(m2·d)), the influent flow rates 
were kept at 2.5 mL/min and 1.5 mL/min, and hydraulic retention times (HRT) were 
kept at 12h and 20h for R-PVDF and R-PP, respectively. This is because the available 
membrane surface area was different.  
Table 1. Characteristics of the membranes used in this study. 
Description PVDF PP 
Available membrane length (mm) 250.00 250.00 
Membrane outer diameter (mm) 1.10 0.60 
Membrane inner diameter (mm) 0.80 0.44 
Membrane thickness (mm) 0.15 0.08 
Membrane pore size (μm) 0.16 0.10 
Bubble point (kPa) 25 0.3 
The number of membrane fibers 100 100 
Available membrane surface area (cm2) 863.5 471.00 
Contact angle (o) 84.56±1.69 140.72±2.81 
2.2 Wastewater 
Synthetic wastewater was used containing C6H12O6 and NH4Cl as the main sources 
of COD and NH3-N with concentrations of 250±10 mg/L and 50±2 mg/L, respectively. 
Other components in the synthetic wastewater included KH2PO4 (10 mg/L), CaCl2·H2O 
(10 mg/L), MgSO4·7H2O (10 mg/L), FeSO4·7H2O (10 mg/L), MnSO4·H2O (0.10 mg/L) 
















2.3 Reactor start-up and operation 
The method of sludge recycling was used for biofilm formation in this study. The 
seeding sludge was taken from the secondary sedimentation tank of a Municipal 
Wastewater Treatment Plant (Tianjin, China) employing the A2/O 
(anaerobic/anoxic/oxic) process. 4 h anaerobic cultivation and 12 h aerobic cultivation 
were done to obtain anaerobic/aerobic activated sludge for MABRs. Following 
inoculation, the sludge was added to MABRs with nutrients. During the recycling stage 
of the sludge, the wastewater was supplied continuously (2.5 mL/min for R-PVDF and 1.5 
mL/min for R-PP) and the recirculating flow rate was 7.50 mL/min. After 15 days, the 
sludge was discharged from the reactors once a biofilm was formed. 
2.4 Analytical methods 
2.4.1 Water quality analysis 
Influent and effluent samples were filtered through a 0.45 μm filter paper (Millex 
Corp.) prior to analysis. COD, NH4-N, NO2-N, NO3-N and T-N were measured 
accordingly using the Standard Methods (APHA, 1995). DO and pH were measured 
using a DO meter (LDO101, HACH) and pH meter (PHC101, HACH), respectively. 
2.4.2 Membrane characterization 
Two kinds of man-made membrane fibers (phase inversion method of manufacture 
method for PVDF and melt-spinning-cold stretching method for PP) are quite different 
















resulting from their materials and manufacturing techniques. The surface roughness was 
examined using atomic force microscopy (AFM, 5500AFM/SPM, United States). Clean 
membrane fibers and used membrane fibers (with biofilm removed from the membrane 
fibers) were observed by scanning electron microscope (SEM, JEOLJSM-5600LV, 
Japan). Contact angle values were measured using a contact angle detector (YH-168A, 
Japan) with water as the detection liquid.  
In addition, confocal laser scanning microscopy (CLSM) (Leica TCS SP8, 
Germany) was conducted to investigate the membrane pore blocking in situ. 
Fluorescein isothiocyanate (FITC, Sigma-Aldrich, United States), concanavalin A (Con 
A, Sigma-Aldrich, United States), calcofluor white (CW, Sigma-Aldrich, United States), 
STYO 63 (Molecular Probes, Thermo-Fisher) were used to identify proteins, 
α-polysaccharides, ß-D-glucopyranose polysaccharides cellulose and nucleic acid, 
respectively. The fluorescence of calcofluor white was detected via excitation at 400 nm 
and from the emission width at 410-480 nm (blue). The FITC probe was detected via 
excitation at 488 nm and emission at 500-540 nm (green). Excitation at 543 nm and 
emission at 550-600 nm were utilized to detect Con A conjugates. The fluorescence of 
SYTO 63 was determined on the basis of excitation at 633 nm and emission at 650-700 
nm (red). 
2.4.3 Microorganisms adhesion tests  
Biomass of the biofilm on the membrane surface was calculated utilizing the 
















biomass were taken at the top, middle, and bottom of each membrane biofilm module 
and then suspended in 50 mL of demineralized water by a sonifier. This was followed 
by filtering through a 0.22 μm filter (GE Whatman Filter Paper) to obtain the average 
weight of the biomass. At the end of the experiment, vertical cross-sectional images of 
both PVDF and PP membrane fibers were taken by a high-resolution CCD camera 
(MLM3XMP-CCD, China) to measure the biofilm’s thickness. The reported biofilm 
thickness was the mean of triplicate samples which were taken at the top, middle, and 
bottom of each membrane biofilm module. 
2.4.4 Bubble point and Oxygen transfer study 
Compared to conventional processes, the MABR has the specific advantage of 
high oxygen transfer efficiency due to its bubble-less aeration when the aeration 
pressure was below the membrane bubble point pressure. It is therefore necessary to 
measure the pressure of the membrane bubble point. Measuring the bubble point was 
done as follows: the membrane module was completely immersed in water with one end 
connected to an air pump and the other end sealed. Then the air pump was switched on 
to control the gas flow. The bubble point was the pressure in the membrane’s inner 
lumen when the first bubble began to appear on the membrane’s surface.  
Oxygen transfer rate (OTR) is an important parameter for characterizing the ability 
to: firstly, supply oxygen through the membrane to the biofilm; and secondly, estimate 
the pore blocking of the membrane. The measurement method of oxygen transfer rate 
















aeration membrane, the hollow fiber membrane module was connected to an air pump 
and immersed into distilled water in an airtight beaker of 2 L with a constant mechanical 
agitation. DO concentration of distilled water was monitored using a DO meter. Then, 
pure nitrogen gas was sparged into the airtight beaker to decrease DO concentration to 0 
mg/L. After that the membrane aeration stage began by turning on the air pump. DO 
concentration was recorded as soon as it began to change as time passed. Once DO 
concentration in the bulk began to change linearly with time, the slope of the line was 
OTR (Fig. 2). With the surface area of about 863.5 and 471.0 cm2, OTR values of clean 
PVDF and PP membrane modules were calculated as 1.126 0.023g/d at the 
intermembrane pressure of 25kPa and 1.312±0.035g/d at 0.3kPa, respectively.  
Fig. 2 
3. Results and discussion 
3.1 Performance of the two MABRs 
The performance of the MABRs was evaluated with respect to COD and nitrogen 
removal efficiencies as presented in Figs. 3-5. As depicted in Fig. 3, respective COD 
removal efficiencies of these two reactors with the PVDF and PP membrane, were 
approximately 79.47% and 52.48% at the beginning of the experiment, then rose 
significantly to 94.92% and 84.56% within 20 days, reaching a plateau by day 70. After 
70 days of operation the removal rate declined, and the COD removal efficiencies of the 
















R-PVDF was about 12% higher than R-PP throughout the whole experimental process. 
 
Fig. 3  
Similar to COD removal, NH3-N and TN removal efficiencies presented the same 
trends (Fig. 4 and Fig. 5). Figure 6 illustrates the composition of residual nitrogen 
compounds in the effluents. As can be seen from Fig. 6, NO3-N in the effluents 
originating from the two reactors was accumulated within 35 days of operation, 
indicating that denitrification was limited in this period. The thin biofilms formed at the 
start-up stage transferred excess oxygen to the bulk liquid, which was favorable for 
nitrification using nitrifying bacteria. However, the high dissolved oxygen concentration 
limited the formation of an anaerobic zone on the biofilm’s outer layer and the growth 
of denitrifying bacteria. This led to poor TN removal efficiencies which were only 35.84% 
for R-PVDF and 25.62% for R-PP at the beginning of the experiment. Until the 30th day, 
the TN removal efficiency reached about 83.76% and 69.62% for R-PVDF and R-PP, 
respectively, since a thick biofilm was observed.  
The two reactors’ NH3-N removal efficiencies were 64.02% for R-PVDF and 57.53% 
for R-PP, and then quickly increased to 94.97% and 87.91% in the first 20-day operation, 
respectively. At the same time, NO2-N and NO3-N were barely detected. However, the 
NH3-N and T-N removal efficiencies of R-PP fell to 78.68% and 59.63% after day 70 
while those of the R-PVDF were maintained at 96.40% and 82.66%, respectively. 
















according to the curve of the removal rate for COD and nitrogen: phase Ⅰ (0-30 days); 
phase Ⅱ (31-65 days); and phase Ⅲ (66-90 days). COD and nitrogen removal 
efficiencies changed during the operation as a consequence of the biofilm development. 
Superior performance of the R-PVDF than R-PP can be explained by different 
characteristics of the biofilm on the surface of different aeration membrane materials. 
Further details about this are discussed in Sections 3.2 and 3.3. 
 
Fig. 4.  
 
Fig. 5.  
 
Fig. 6.  
3.2 Characterization of membranes and biofilms in the two MABRs 
It is well known that a biofilm’s characteristics depend on the properties of the 
biocarrier’s surface, flow velocity, dissolved oxygen and organic loading, etc. [29, 30]. 
The differences in biofilms created using a biocarrier can directly affect the 
performance of the two reactors. The surface morphology of the aeration membrane 
could have a critical impact on the development of the biofilm. To evaluate the 
membranes used in the MABR, three properties of the membrane need to be considered: 
surface roughness, OTR and contact angle. AFM was used to examine the roughness of 
















square height of the clean PVDF membrane surface were (0.479 μm and 0.566 μm), 
which were triple the size of the clean PP membrane (0.148 μm and 0.172 μm), 
respectively. Thus, the surface of the clean PVDF membrane was rougher than that of 
the clean PP (Fig. 9). 
Fig. 7.  
Table 2. Evaluation parameters of membrane surface properties. 
Description* PVDF PP 
Sq (μm) 0.566 0.172 
Ssk 0.317 0.067 
Sku 2.05 1.89 
Sp (μm) 1.46 0.359 
Sv (μm) 1.22 0.349 
Sz (μm) 2.68 0.707 
 Sa (μm) 0.479 0.148 
*Sa, Arithmetic mean height; Sku, Kurtosis; Sp, Maximum peak height; Sq, Root mean square height; 
Ssk, Skewness; Sv, Maximum pit height; Sz, Maximum height 
Additionally, microorganisms can adhere to the membrane easily by improving 
membrane hydrophilicity [32]. Oxygen concentration gradient can influence the growth 
of bacteria in the biofilm. Thus, the water contact angles and OTRs of membranes were 
measured to investigate the relationship between the development of biofilms and the 
surface properties of aeration membranes. In order to assess the properties of biofilms, a 
portion (length: 3 cm) of the fibers located at the middle section of the two membrane 
modules was selected to measure biomass (Table 3) based on the gravimetric method 
















day 15 of phase Ⅰ, day 45 of phase Ⅱ and day 75 of phase Ⅲ. 
Table 3. Biomass on different membrane fibers. 
Operation time (d) 
Biomass on PVDF membrane 
fibers g·m-2) 
Biomass on PP 
membrane fibers g·m-2) 
15 17.85 0.25 13.37 0.15 
45 23.98 0.58 18.82 0.41 
75 26.34 0.62 21.46 0.50 
The contact angle values and OTRs of the clean membrane surface suggest that the 
hydrophilicity of the PVDF membrane (contact angle 84.56°) was higher than that of 
the PP membrane (contact angle 140.72°), while the OTR of the PVDF membrane 
(1.126) was slightly lower than that of the PP membrane (1.312). Wilderer et al. [33] 
reported that the hydrophilicity of the membrane surface benefits the growth of the 
biofilm and reduction of the microbial domestication period. Therefore, the PVDF 
membrane fibers with a rough and hydrophilic surface and a high OTR which could 
accelerate biofilm formation were more prone to being adhered by microorganisms. As 
can be seen from Table 3, the biofilms attached onto the PVDF and PP membrane fibers 
grew well in phase Ⅰ, which were 17.85 g/m2 and 13.37 g/m2 (on day 15), respectively. 
Furthermore, the MABR is a counter-diffusion system of oxygen and substrates. 
The NH3-N and COD spread from the biofilm’s outer surface to the inner surface, while 
oxygen permeated exactly in the opposite direction through the biofilm layer. Kazuaki 
Hibiya et al. [34] reported DO concentration in the MABRs was maintained at 0.5 mg/L. 
















denitrifying bacteria; meanwhile nitrifying bacteria near the membrane lumen 
maintained a high nitrification rate with plenty of oxygen. The distributions of nitrifying 
bacteria and denitrifying bacteria will be affected by the thickness of biofilm and 
oxygen concentration gradient from the membrane surface to the biofilm surface. 
Therefore, in phase Ⅱ, biomass accumulated up to 23.98 g/m2 and 18.82 g/m2 (on 
day 45) on PVDF and PP membranes at a high rate of 0.21 g/(m2·d) and 0.18 g/ (m2·d), 
respectively. An increase in the biomass indicated the following: a well-established 
activity of nitrifying bacteria and denitrifying bacteria and the maturity of biofilm [35]. 
The concentrations of NO2-N and NO3-N in the effluents of two reactors were 
maintained at low levels and NH4-N and TN removal efficiencies were maintained at 
quite high values (Fig. 6), suggesting that the anoxic and aerobic zones were formed in 
the biofilm which could be conducive for SND [36]. However, compared with phase Ⅱ, 
the biomass growth increased slowly (0.08 g/ (m2·d) on PVDF membrane fibers and 
0.09 g/ (m2·d) on PP, respectively) in phase Ⅲ. This meant that the biofilm might decay 
and detach from the membrane surface as the OTR decreased dramatically (Table 4). On 
day 75, biomass on PVDF and PP membrane fibers increased up to 26.34 g/m2 and 
21.46 g/m2, respectively, and the growth rate in phase Ⅲ was about 50% less than phase 
Ⅱ. 
 
Fig. 8  
















images of clean membrane fibers and used membrane fibers with biofilms at the end of 
the experiment were taken using a CCD camera. As shown in Fig. 8, the diameters of 
clean PVDF and PP membrane fibers were 1.10 mm and 0.60 mm, respectively. The 
thickness of the biofilm on the PP membrane fiber was thinner (0.45 0.02 mm) than 
that of the PVDF membrane fiber (0.80 0.04 mm). However, the biofilm density of the 
PP membrane fiber (0.023g/cm3) was higher than that of the PVDF membrane fiber 
(0.019g/cm3). It was discovered that when oxygen and organics diffused into the 
biofilm in an opposite direction a certain concentration gradient could be established 
[37].  
In work conducted by La et al. [38], with the increasing density of biofilm, the 
diffusion coefficient of oxygen and substrate decreased, which in turn reduced the 
substrate’s penetration of the biofilm. Consequently, this brought about detachment and 
self-digestion of bacteria in the biofilm, and released more extracellular polymeric 
substances (EPS) which consisted of polysaccharides, proteins, lipids, nucleic acids, etc. 
The organic matter accumulated on the biofilm-membrane interface would permeate 
into membrane pores and be adsorbed on the pore walls [39]. This consequently led to 
two things: firstly, membrane pore blocking occurring; and a decline in the performance 
of the MABRs in phase Ⅲ (Figs. 3-5). Overall, the MABR with PVDF membrane in 
this study could maintain appropriate thickness of biofilm, SND efficiency and stable 
removal rate of COD and nitrogen. Furthermore, the performance of R-PVDF was 
















3.3 OTR performance of the two MABRs 
The microporous structure and characteristics of the hollow fiber membranes are 
different in terms of the membrane preparation methods utilized [40]. The most 
commonly used preparation technique for PVDF hollow fiber membrane is the phase 
inversion method while that for manufacturing PP membranes is the melt-spinning-cold 
stretching method (MSCS) [41]. The PVDF membranes prepared with the phase 
inversion method are asymmetric membranes possessing a sponge-type or finger-type 
structure with a dense skin at the surface [42]. The PP membranes prepared by the 
MSCS method have a relatively uniform pore size distribution with parallel pores 
penetrating the entire membrane cross-section [43]. Therefore, the bubble point pressure 
of the PP membrane (0.3kPa) is much lower than that of the PVDF membrane (25kPa), 
while the OTR of the PP membrane is higher than that of the PVDF membrane. If 
membrane pores are blocked throughout the experiment, the OTR will decline and 
adversely affect the performance of the MABRs. As Sections 3.1 and 3.2 noted, both 
the performance of the MABRs and OTR gradually declined periodically, 
demonstrating that the membrane pores were blocked. To obtain detailed information 
about pore blocking, SEM and CLSM analyses were carried out to compare 
morphological changes between clean and used membranes. The OTR and contact angle 
of membrane lumen were measured at each experimental phase (Table 4) to investigate 
















the membrane surface via a soft brush in distilled water without changing the 
membrane’s surface morphology.  


































Figure 9 presents the SEM images of membrane fibers. There were significant 
differences of surface morphology between two types of clean membranes, as well as 
the used membranes. It is shown in Fig. 9(a) and (c) that the PP membrane had a larger 
number of pores per surface area than the PVDF membrane, and the surface of the 
PVDF membrane was uneven with an imbricated texture while the surface of the PP 
membrane was smooth with uniform pores. Comparing Fig. 9(b) and (d), the pores on 
the PP membrane surface were totally covered by foulants which were denser compared 
to those on the PVDF membrane in contrast to the SEM images of clean membrane 
fibers. Based on the above analysis of the membrane performance and SEM results, it 
can be concluded that the PVDF membrane demonstrated better resistance to pore 
blocking than the PP membrane. 
In order to verify this assumption, the membrane pores’ interior needs to be 
















approaches for the investigation of biofilms in situ [44]. The multicolor fluorescence 
labeling could provide information on the detailed architecture and distribution of EPS 
and metabolites of biofilms in membrane pores. Chen et al. [45] investigated the 
distributions of cells (nucleic acids) and EPS (proteins, α- and ß-D-glucopyranose 
polysaccharides) in the fouling layer on a filter membrane. This study applied the 
CLSM technique to assess the membrane pores and stained the sample according to the 
method employed by Chen [45]. 
 
Fig. 10  
Fig. 10 presents the CLSM images of membrane fibers in different operation 
phases which could differentiate foulants that induce membrane pore blocking by using 
different fluorochrome to identify the components. The fluorescent displays of red, 
green and blue indicate there are existing cells (SYTO 63, red), polysaccharides (Con A, 
light blue), and proteins (FITC, green) in the membrane pores. Comparing the six 
pictures in Fig. 10, in phase Ⅰ (Fig. 10 (a) (d)), there is no fluorescence on PVDF and PP 
membranes due to fewer microorganisms attaching to the membrane surface. In phase Ⅱ 
(Fig. 10 (b) (e)), the biofilm was matured and developed. Under the suitable scenario of 
oxygen and organic substrate concentration, less EPS was released from the bacteria in 
the biofilm. There was a sprinkling of red and green fluorescence due to the pore size 
distribution (caused by membrane preparation methods) that was blocked by EPS.  
















of oxygen and substrate, the bacteria decayed and released more EPS to accumulate on 
the biofilm-membrane interface. As the experiment proceeded, the EPS would permeate 
into membrane pores and be adsorbed on the walls of the pores. These substances would 
make the pore walls wet, transforming pores from hydrophobic to hydrophilic, which 
could help liquids penetrate the pores and aggravate membrane pore blocking [46]. 
Table 4 shows that the contact angle value of membrane lumen gradually declined 
periodically as well as OTR, especially the PP membrane after day 45. The strong 
fluorescence reaction as shown in Fig.10(c and f) precisely confirmed that the 
membrane pores were blocked, and the two reactors’ performance began to falter after 
65 days in phase Ⅲ. As well, the more hydrophilic the membrane was, the higher the 
adsorption equilibrium constant would be [47]. This indicated that the pollutants on the 
membrane had greater dynamic adsorption capacity. Furthermore, as the pores of the PP 
membrane penetrated the entire membrane cross-section, the pollutants were more 
easily permeated into the inner surfaces and soaked the membrane pore, which 
obstructed the diffusion of oxygen from the inner surface of the membrane to the 
biofilm. Therefore, the contact angle and ORT values of the PP membrane declined 
more quickly than those of the PVDF membrane as shown in Table 4. 
4. Conclusion 
It can be summarized that the PVDF membrane was more favorable for the 
















hydrophilicity of the PVDF membrane was higher than that of the PP membrane. In 
addition, the PVDF membrane with an asymmetric pore structure and this indicated 
better resistance to membrane pore blocking. Subsequently, the MABR with PVDF 
membrane proved to be more efficient and stable in performance than the PP membrane, 
specifically regarding the removals of organic material, nitrogen and OTR. Overall, 
compared to the PP membrane, the PVDF membrane was more suitable for utilization 
in MABRs. 
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Fig.1. Schematic diagram of the MABR  
Fig. 2. Oxygen transfer rate for different membrane module 
Fig. 3. COD removal efficiency of two MABRs with different membrane materials 
Fig. 4. NH3-N removal efficiency of two MABRs with different membrane materials 
Fig. 5. TN removal efficiency of two MABRs with different membrane materials 
Fig. 6. Concentration variations of NO2--N and NO3--N in the effluents of two MABRs with 
different membrane materials 
Fig. 7. AFM surface topographies of the membrane fibers: clean PVDF membrane (A); clean PP 
membrane (B). (Scan area: 5.0μm ×5.0μm) 
Fig. 8. Images of different membrane fibers in vertical section: (a) clean PVDF membrane fiber; (b) 
used PVDF membrane fiber at75th day; (c) clean PP membrane fiber; (d) used PP membrane fiber at 
75th day 
Fig. 9. SEM images of membrane fibers: (a) clean PVDF membrane; (b) used PVDF membrane 
without biofilms; (c) clean PP membrane; (d) used PP membrane without biofilms. 
Fig. 10. CLSM images of inner surface of membrane fibers: (a)-(c) for phase Ⅰ (15th day), phase Ⅱ 
(45th day) and phase Ⅲ (75th day) of PVDF membrane fibers, respectively; (d)-(f) for phase Ⅰ 
(15thday), phase Ⅱ (45th day) and phase Ⅲ (75th day) of PP membrane fibers, respectively. (Proteins 
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